Alcohol intoxication impairs neutrophil function and increases host susceptibility to Streptococcus pneumoniae. In a rat model of pneumonia, the effects of acute intoxication were monitored for lung chemokine responses, neutrophil recruitment, and bactericidal activity. Alcohol delayed lung neutrophil recruitment, increased bacterial burden, and decreased survival. Before neutrophil recruitment, bronchoalveolar lavage (BAL) macrophage inflammatory protein-2 (MIP-2) and cytokine-induced neutrophil chemoattractant (CINC) were decreased by alcohol. This alcohol-induced effect was reversed at 6 h, when there were large numbers of neutrophils in control BAL fluid, compared with the alcohol-treated group. Cyclophosphamide-induced neutropenia decreased neutrophil recruitment, minimizing the effects of recruited neutrophils on chemokine levels, and extended the alcohol-induced chemokine suppression. MIP-2 and CINC mRNA contents also were suppressed by alcohol 4 and 6 h after infection. Thus, alcohol suppresses lung chemokine activity in response to S. pneumoniae, which is associated with delayed neutrophil delivery, elevated bacterial burden, and increased mortality.
Alcoholism has long been recognized as a significant risk factor for the development of severe bacterial pneumonia [1, 2] . The effects of alcohol on host resistance to pneumococcal infection were described as early as 1938, when it was shown that leukocytes fail to migrate to sites of infection during ethanol intoxication [3] . Correction of the neutrophil response in alcohol-intoxicated animals enhanced intrapulmonary bactericidal capabilities and increased survival after bacterial challenge [4] . More recent studies have further defined the inhibitory effects of alcoholism on neutrophil function [5] , including decreased adhesion molecule expression, impaired neutrophil margination, and delayed migration to sites of infection.
In addition to impaired neutrophil function, alcohol abuse also suppresses elements of the proinflammatory cytokine response. Specifically, acute alcohol intoxication suppresses tumor necrosis factor (TNF)-a and interleukin-1 and -6 production in response to immune challenge with a variety of stimuli, including both gram-negative and gram-positive bacterial prod-ucts [6] [7] [8] [9] . Chronic alcohol consumption also suppresses the proinflammatory cytokine response, including TNF-a, macrophage inflammatory protein (MIP)-2, and MIP-1a mRNA and protein production after challenge with lipopolysaccharide (LPS) [10] . In many cases, alcohol-induced cytokine suppression leads to decreased neutrophil recruitment and suppressed host defense [6, 11, 12] .
An important step in the recruitment of neutrophils to an inflammatory site involves communication between the responding neutrophils, vascular endothelium, and resident cells of the infected tissue. Much of this communication occurs via the production of CXC chemokines, molecules produced early during infection that attract leukocytes to the inflammation site. These chemokines are vitally important during bacterial pneumonia, and neutralization of their activity during infection leads to decreased neutrophil recruitment, impaired bacterial clearance, and higher mortality [13, 14] . Because alcohol intoxication impairs many elements of the proinflammatory cytokine response, it may also suppress production of these important signaling molecules. Any alteration in chemokine production by alcohol could alter the host's ability to fight infection.
Although the alcohol-induced defect in polymorphonuclear leukocyte (PMNL) delivery to the lung is well documented, it is not known whether this defect is due, at least in part, to altered chemokine production at the infection site. Acute alcohol consumption impairs chemokine production in response to an in vitro immune challenge [15, 16] ; however, the in vivo effects of alcohol on chemokine production during infection have not been determined. In the rat, cytokine-induced neutrophil chemoattractant (CINC) and MIP-2 are potent chemoattractant molecules for PMNL entry into the lung after infection [13, 14, 17] . In this study, we sought to determine whether alcohol suppresses lung CINC and MIP-2 production in response to pneumococcal pneumonia, leading to decreased PMNL recruitment, bacterial clearance, and survival.
Materials and Methods
Reagents. Cytoscreen ELISA kits for rat MIP-2 and TNF-a were obtained from BioSource International. CINC, rabbit anti-rat CINC-1 antibody, and biotinylated anti-rat CINC-1 antibody were obtained from R&D Systems. We purchased Streptococcus pneumoniae serotype 3 (strain 6303) from the American Type Culture Collection, PBS from Life Technologies, the original TA cloning kit (K2000-J10) from Invitrogen, and the plasmid maxi kit from QIAGEN. We obtained the RiboMAX T7 large-scale RNA production system from Promega, Micro Bio-Spin Columns P-30 Tris (RNase-free) from Bio-Rad Laboratories, TRIzol from Life Technologies, and 1-bromo-3-chloropropane (BCP) phase separation reagent from Molecular Research Center. MIP-2, CINC probes, Taqman rRNA control reagents, and Taqman one-step reversetranscriptase polymerase chain reaction (RT-PCR) master mix reagents kit were purchased from PE Applied Biosystems.
Bacteria. For each study, frozen stock cultures (S. pneumoniae serotype 3) were inoculated into Todd-Hewitt broth (THB) and were incubated overnight at 37ЊC in a 5% CO 2 atmosphere. Bacteria were collected by centrifugation (2000 g for 15 min), were washed once in PBS, and were resuspended in PBS at a concentration of cfu/mL, as estimated by optical density at 600 nm. Actual 7 2 ϫ 10 numbers of viable bacteria were determined by standard plate counts of the bacterial suspensions on blood agar plates. Animals. Male virus-and antibody-free Sprague Dawley International genetic standard rats (Charles River Breeding Laboratories) with a body weight of 275-325 g were maintained on a standard laboratory diet and were housed in a controlled environment with a 12-h light/dark cycle. Acute ethanol intoxication was induced by intraperitoneal injection of 20% ethanol (5.5 g/kg) in PBS. This dose of alcohol produces blood ethanol concentrations of 300-350 mg/dL [11] . Control rats received an equal volume of PBS intraperitoneally. At 30 min after intraperitoneal injection of ethanol or PBS, S. pneumoniae (10 7 cfu in 0.5 mL PBS) was administered intratracheally under ether anesthesia. Rats were subsequently killed at 2, 4, 6, 18, or 40 h after the intratracheal injection. At these time points, depending on the experimental protocol, aortic blood and bronchoalveolar lavage (BAL) samples were taken for chemokine and cytokine measurements and pulmonary cell counts or liver, lung, and spleen tissues were removed and processed for bacterial counts.
Cyclophosphamide (CPA) treatment. To determine chemokine and cytokine responses in the absence of neutrophils, additional rats were administered CPA (50 mg/kg) via intraperitoneal injection of a 25 mg/mL solution at both 6 and 3 days before infection with S. pneumoniae. Three days after the second CPA injection, rats received either intraperitoneal ethanol or saline, followed by intratracheal S. pneumoniae, as described above. BAL was performed, and blood, liver, and spleen samples were taken 4, 6, and 18 h after infection, as described above for chemokine and cytokine measurements, cell counts, and bacteriology. BAL cells were collected and processed for measurement of MIP-2 and CINC mRNA by real-time quantitative RT-PCR.
Blood alcohol measurements. Blood alcohol measurements were made on whole blood by use of the Select Biochemistry Analyzer (model 2700; Yellow Springs Instrument).
Blood and BAL sample collection. Under ether anesthesia, a midline abdominal incision was made, and the abdominal aorta was isolated by blunt dissection. Blood samples (∼3 mL) were taken directly from the abdominal aorta. Blood was subsequently centrifuged for collection of plasma, which was stored in 1-mL aliquots at Ϫ80ЊC until assay. The lungs then were removed surgically and were lavaged with PBS containing 0.1% dextrose. Three 10-mL washes were done; all material was centrifuged (200 g for 5 min) for collection of pulmonary cells. The pulmonary cells from all washes were combined, and total cell counts were made by use of a light microscope and hemocytometer. Cell monolayers were prepared by cytocentrifugation and were stained with Wright-Giemsa for differential cell counts. The supernatant of the first wash was stored in 1-mL aliquots at Ϫ80ЊC until cytokine assay. Chemokine (CINC and MIP-2) and TNF-a measurements were made with ELISAs.
Bacteriology. Under ether anesthesia, blood samples were taken as described above and were plated directly onto blood agar plates. Plates were incubated overnight at 37ЊC in 5% CO 2 atmosphere for qualitative analysis the next day. Lung, liver, and spleen tissues were aseptically removed for quantitative bacterial measurements. Each tissue was weighed and homogenized in THB and then was homogenized for subsequent plating onto blood agar plates. Plates were incubated overnight at 37ЊC in 5% CO 2 atmosphere, and colonies were counted.
TNF-a, MIP-2, and CINC protein measurements. Plasma and BAL fluid TNF-a and MIP-2 concentrations were measured using ELISA kits with procedures supplied by the manufacturer. The minimum detectable levels of TNF-a and MIP-2 were 0.112 and 1 pg/mL, respectively. The intra-and interassay coefficients of variation were 3.5% and 4.2%, respectively, for the TNF-a assay and 5.8% and 8.6%, respectively, for the MIP-2 assay. CINC concentrations were measured by a specific ELISA, as described elsewhere [18] . In brief, culture plates were coated with anti-rat CINC-1 neutralizing antibody and were incubated overnight at 4ЊC. After the plates were washed, wells were blocked and incubated for 1 h at room temperature. After another wash, standard CINC and samples were added to each well, were incubated for 1 h at 37ЊC, and were washed. Biotinylated anti-rat CINC-1 antibody was added to each well, and the plate was incubated at 37ЊC for 1 h. Streptavidin-horseradish peroxidase then was added, and the plate was incubated for 1 h at room temperature. After a final wash, peroxidase substrate TMB solution was added and incubated at room temperature in the dark for color development. The reaction was stopped by adding 3 M sulfuric acid to each well. Color development in each well was determined spectrophotometrically at 450 nm. TNF-a, MIP-2, and CINC results are expressed as picograms/milliliter.
Sample preparation for real-time quantitative RT-PCR reactions.
After BAL and total cell counts, cells were centrifuged (200 g for 5 min) and were resuspended in TRIzol reagent at a concentration of cells/mL. Total RNA was extracted ac- separation reagent was substituted for chloroform during the extraction procedure. After extraction, samples were stored at Ϫ80ЊC until assay.
Real-time quantitative RT-PCR primers and probes. The amplification primers used for MIP-2 were 5 -GGG TTG TTG TGG CCA GTG A-3 (forward) and 5 -TCA AGC TCT GGA TGT TCT TGA AGT-3 (reverse), whereas the forward and reverse primers used for CINC were 5 -AGT GGC AGG GAT TCA CTT CAA-3 and 5 -CAA GCC TCG CGA CCA TTC T-3 , respectively. The probes for MIP-2 and CINC were 5 -CTG TCA ATG CCT GAC GAC CCT ACC AAG-3 and 5 -CCC ACT GCA CCC AAA CCG AAG TCA-3 , respectively. Each probe was labeled with a fluorescent reporter dye FAM (6-carboxyfluorescein) at the 5 end and a quencher dye TAMRA (6-carboxytetramethylrhodamine) at the 3 end. All primers and probes were designed with Primer Express software (PE Applied Biosystems) by following the guidelines suggested in the Primer Express design manual. Control rRNA and rRNA primers and probes were purchased directly from the manufacturer (PE Applied Biosystems).
Development of real-time quantitative RT-PCR RNA standards for MIP-2 and CINC.
Rat alveolar macrophages were stimulated for 6 h with LPS (50 ng/mL) to induce the production of MIP-2 and CINC mRNA. MIP-2 and CINC cDNA was prepared by RT-PCR by using specific primers and probes for each gene. By using the original TA cloning kit K2000-J10, plasmid DNA for both rat MIP-2 and CINC were prepared according to the manufacturer's procedures. Plasmid DNA then was isolated and purified using a QIAGEN plasmid maxi kit, according to the manufacturer's protocols. Purified plasmid DNA for each gene was linearized and then was transcribed to produce MIP-2 and CINC cRNA, by use of the RiboMAX T7 large-scale RNA production system. Final purification was done with RNase-free Bio-Rad Micro Bio-Spin Columns P-30 Tris. The final cRNA standards were quantitated spectrophotometrically at 260 nm and were tested for purity by use of real-time RT-PCR and stored in aliquots at Ϫ80ЊC until assay. For each subsequent real-time quantitative RT-PCR assay, MIP-2 and CINC RNA standard curves (10 3 -10 10 RNA copies/ reaction) were generated by serial dilution of stock cRNA.
Quantitative RT-PCR for MIP-2, CINC, and rRNA. All reactions were carried out by using the ABI PRISM 7700 sequence detection system (PE Applied Biosystems). RT-PCR reactions were performed according to the Taqman One-Step RT-PCR master mix reagents kit protocol supplied by the manufacturer. In brief, 50-mL reactions were done with each reaction containing the following components: Taqman one-step RT-PCR master mix (25 mL), Multiscribe reverse-transcriptase and RNase inhibitor mix (1.25 mL), forward primer (0.25 mL), reverse primer (0.25 mL), probe (0.25 mL), water (18 mL), and RNA sample (5 mL). Recommended primer and probe concentrations supplied by the manufacturer were used for rRNA measurements (50 and 200 nM, respectively). Primer concentrations used for MIP-2 and CINC were 1 mM; probe concentrations were 500 nM. Three reactions were performed for each sample, for measurement of MIP-2, CINC, and rRNA. The reaction conditions consisted of incubation for 30 min at 48ЊC for reverse transcription, AmpliTaq gold DNA polymerase activation for 10 min at 95ЊC, and 40 cycles of denaturation (15 s of annealing at 95ЊC) followed by annealing/extension (1 min of extension at 60ЊC). Quantities were determined by comparing values to RNA standard curves for each gene. Data are expressed as MIP-2 or CINC copies per nanogram of rRNA.
Statistical analysis. Statistical analysis was done with a commercial statistical software program (SigmaStat; SPSS). All data are shown as the . We used 1-way analysis of variance mean ‫ע‬ SEM (ANOVA) to determine differences in the responses observed between samples. Statistically significant differences between in vitro treatment groups were determined by 1-way ANOVA. After ANOVA, we used the Student-Newman-Keuls test to determine group differences. Statistically significant differences in mortality between treatment groups were determined by log-rank test with Yates correction. Statistical significance was set at . P ! .05
Results
Effects of acute alcohol intoxication on pulmonary recruitment of PMNL after intratracheal S. pneumoniae. In response to intratracheal challenge with S. pneumoniae, few neutrophils were recovered by BAL at 2 and 4 h after infection initiation (figure 1). Neutrophil numbers in control animals infected with S. pneumoniae were significantly increased by 6 h after infection and were greatest at 18 h. By 40 h, neutrophil numbers were decreased, compared with levels observed at 6 and 18 h. Acute alcohol intoxication significantly delayed the entry of neutrophils into the alveolar compartment, resulting in significantly fewer neutrophils by 6 h after infection. Also, in contrast to control animals, neutrophils in alcohol-intoxicated rats continued to increase late in infection, resulting in high neutrophil numbers by 40 h after infection. The highest neutrophil measurements were similar in control and alcohol-intoxicated animals, although the peak levels were achieved later in the alcohol-intoxicated group.
Pulmonary and systemic S. pneumoniae. Pulmonary S. pneumoniae burden is dependent on a balance between bacterial proliferation and clearance by pulmonary host defense mechanisms, including phagocytosis and killing by recruited neu- trophils [19, 20] . In this study (figure 2), bacterial numbers were similar in both control and ethanol-intoxicated animals at 6 h after infection. However, by 18 h after inoculation with S. pneumoniae, bacteria in the lungs of control animals were significantly decreased, compared with levels at 6 h, whereas bacteria in the ethanol-intoxicated group remained high. These differences between control and ethanol-intoxicated animals were also apparent 40 h after infection. These data suggest that pulmonary host defense mechanisms in alcohol-intoxicated animals during the early stage of infection are unable to clear bacteria during an intrapulmonary challenge with S. pneumoniae and lead to increased severity of infection. In addition to increased pulmonary bacterial numbers, S. pneumoniae were more likely to disseminate outside the lungs in ethanol-treated animals, spreading to the blood (6/6 alcohol vs. 1/6 control rats), liver (6/6 alcohol vs. 1/6 control rats), and spleen (5/6 alcohol vs. 1/6 control rats) by 40 h after infection. Thus, acute alcohol intoxication resulted in higher lung bacterial counts, increased incidence of bacteremia, and greater systemic spread of the infection, all of which were associated with increased mortality (figure 3). Mortality in the ethanol group was 75%, compared with only 8% in control animals.
MIP-2 and CINC chemokine levels. To determine whether the observed differences in neutrophil recruitment that occurred in infected alcohol-intoxicated animals were associated with impaired chemokine production, MIP-2 and CINC protein concentrations were measured in both the BAL fluid and plasma at 2, 4, 6, 18, and 40 h after infection with S. pneumoniae. At 2 and 4 h after infection, CINC and MIP-2 levels in the lavage fluid were significantly lower in the alcohol-intoxicated group (figure 4). Alcohol-induced suppression of early chemokine production was associated with reduced recruitment of neutrophils in animals infected with S. pneumoniae.
By 6 h after infection, chemokine levels in the intrapulmonary compartment had reversed to be higher in the alcohol group than in control animals. These 6-h chemokine levels were associated with large differences in lung neutrophil numbers between control and alcohol-intoxicated animals. Specifically, control animals had significantly more neutrophils at this time than did rats receiving alcohol ( vs. cells). 8 8 1.01 ϫ 10 0.13 ϫ 10 Thus, when neutrophil numbers are low (early in infection), alcohol intoxication is associated with decreased BAL chemokine levels, whereas preferential recruitment of neutrophils into the lungs of control animals by 6 h after infection is associated with diminished chemokine levels in the control group. BAL fluid CINC and MIP-2 levels were low at 18 and 40 h after infection, and there were no differences between the control and alcohol-intoxicated groups.
In the plasma, MIP-2 was undetectable at all time points examined, whereas CINC plasma levels increased with time, peaking at 6 h in control animals (figure 5). CINC plasma levels in ethanol-intoxicated animals were similar to those observed in control animals until 18 h after infection, when CINC plasma levels were higher in the alcohol group.
Effect of CPA on neutrophil numbers and chemokine protein and mRNA levels. Because neutrophil numbers in this model differ in control and alcohol-intoxicated animals at 6 h and beyond, the direct effects of alcohol intoxication on chemokine production are difficult to interpret. For this reason, we used a neutropenic model to study the effects of acute alcohol intoxication on chemokine production in response to S. pneumoniae infection. In this model, we pretreated rats with CPA for 6 days before infection. CPA pretreatment resulted in neutropenia that caused a dramatic decrease in the number of recruited neutrophils in the intrapulmonary compartment at 6 and 18 h after infection (figure 6). Importantly, differences between recruited neutrophil numbers in control and alcohol-intoxicated CPA-treated animals were much smaller at all times after infection than in non-CPA-treated animals. Thus, the effects of recruited neutrophils on measured chemokines in the lavage fluid were minimized.
In the absence of meaningful neutrophil recruitment, BAL ). * vs. time-matched control. n p 6-12 P ! .05 chemokine levels would be expected to be more representative of lung chemokine production by resident lung cells. In normal, nonneutropenic animals, the inhibitory effects of alcohol on chemokine levels are no longer evident by 6 h after infection and beyond. In fact, chemokine levels are elevated in alcoholintoxicated animals at these times, compared with controls. In our neutropenic model, BAL fluid chemokine concentrations in the acutely intoxicated group were not higher than those in the control group at any time after challenge with S. pneumoniae (figure 7). In fact, chemokine concentrations at 6 h were lower in the alcohol group than in controls, representing an extended period of alcohol-induced suppression of the lung chemokine response. By 18 h after infection, BAL chemokine levels were similar in both control and alcohol-intoxicated animals. Because neutrophils alter chemokine concentrations at an inflammatory site [18] , pretreating animals with CPA minimized the effects of recruited neutrophils on chemokine concentrations within the alveolar compartment. As a result, CPA pretreatment was associated with an extended period of alcohol-induced suppression of BAL chemokine concentrations.
In addition to diminished lung chemokine protein levels, acute alcohol intoxication also had an inhibitory effect on chemokine production at the transcriptional level. After BAL, recovered cells were processed for MIP-2 and CINC mRNA measurements by real-time RT-PCR. Acute alcohol intoxication was associated with significantly decreased MIP-2 mRNA levels at 4 and 6 h after infection and reduced CINC mRNA levels at 6 h after infection ( figure 8) .
TNF-a levels. Under some circumstances, acute alcohol intoxication inhibits TNF-a production in response to infection. However, acute alcohol intoxication did not alter BAL fluid TNF-a levels in response to infection with S. pneumoniae. In our model, TNF-a levels increased with time, with the highest values reached by 6 h after infection ( figure 9) . By 18 and 40 h after infection, TNF-a levels were greatly reduced. Acute alcohol intoxication did not alter BAL fluid TNF-a levels at any time examined after infection.
Consistent with previous data, TNF-a production was limited to the site of infection, as exemplified by the finding that TNF-a was not detected in the plasma at any time during the experiment. Thus, localized TNF-a production after intrapulmonary infection may serve as a method by which a targeted host response can be mounted. However, the mechanism by which the chemokine response was suppressed by alcohol intoxication appears to be independent of TNF-a.
Discussion
Alcoholism is associated with an increased frequency and severity of pneumococcal pneumonia [21] . The most commonly observed defect in host defense associated with alcohol intoxication is an inability of the intoxicated host to effectively recruit neutrophils to the site of infection in a timely manner. Many studies have shown that alcohol intoxication impairs a number of PMNL functions, including adhesion molecule expression, phagocytosis, oxidative burst, and migration [5, [22] [23] [24] [25] . However, little is known about the effects of alcohol on the production of CXC chemokines during pulmonary infection, key mediators in the recruitment of neutrophils to the infectious site. CXC chemokines, including MIP-2 and CINC, are proinflammatory cytokines produced at the site of infection that play an important role in the inflammatory response of the infected host. Neutralization of these chemokines impairs neutrophil migration into the lung after infection [13, 14] . Acute alcohol intoxication suppresses elements of the proinflammatory cytokine response in the lung after intrapulmonary challenge with LPS and other gram-negative bacteria [6, 11, 12, 26] . However, the effect of acute alcohol intoxication on chemokine production in response to pneumococcal infection has not been determined.
In the present study, the data show that acute alcohol intoxication suppresses early CXC chemokine (MIP-2 and CINC) production at both the protein and mRNA levels after intrapulmonary infection with S. pneumoniae. Because MIP-2 and CINC are important CXC chemokines involved in directing neutrophil traffic to the infected rat lung [13, 14, [27] [28] [29] , this alcohol-induced suppression of chemokine production seen in our model likely contributes to the defect in neutrophil recruitment observed during intrapulmonary infection of the intoxicated host.
Although chemokine levels were depressed in alcohol-intoxicated animals, alcohol-induced impaired neutrophil recruitment in our model was associated with elevated chemokine (CINC and MIP-2) levels in the BAL fluid at later times during infection. We propose that recruitment of neutrophils to the infection site in nonintoxicated control animals results in diminished chemokine levels at that site. This hypothesis is supported by previous work by our laboratory that showed that granulocyte colony-stimulating factor augments pulmonary neutrophil recruitment following intratracheal endotoxin, resulting in decreased free chemokine levels and increased levels of cell-associated chemokines in the BAL fluid after challenge with LPS [18] . These data, taken together, suggest that neutrophils bind chemokines after entry into the lung, decreasing measurable chemokine levels in the lavage fluid.
This hypothesis is further supported by our neutropenic model of pneumococcal pneumonia, which shows that, in the absence of differences in recruited neutrophil numbers, suppression of BAL chemokine levels is extended to later time points during the course of infection, and chemokine levels in the alcohol group are at no time higher than those in control animals. Because we used CPA to induce neutropenia, it is possible that CPA altered chemokine production in our model. However, unpublished data from our laboratory show that CPA pretreatment does not alter the ability of alveolar macrophages to produce chemokines in response to an in vitro LPS challenge, which suggests that CPA does not directly alter chemokine production. Also, both the control and alcohol groups were pretreated with CPA; thus, any alterations in chemokine production by CPA would be expected to occur in both experimental groups, allowing for determination of the alcohol-induced effects. Although BAL chemokine levels were diminished by alcohol in our model, acute intoxication was not associated with diminished postinfection BAL TNF-a levels. These results show that, although acute alcohol intoxication is associated with diminished TNF-a production in response to LPS and gram-negative bacteria, alcohol does not alter TNF-a response during infection with S. pneumoniae. Thus, the effects of alcohol on chemokine production in pneumococcal pneumonia are not likely to be due to alterations in TNF-a production at the site of infection.
The absence of an alcohol-induced impairment of the TNFa response to pneumococcal challenge suggests that alcohol may alter different cytokine signaling pathways in response to challenge with gram-negative and gram-positive organisms. Many studies have focused on the differences between the ability of gram-positive and gram-negative organisms and their products to stimulate the release of cytokines [30] . For example, LPS (the main cytokine-stimulating component of gram-negative bacteria) stimulates transcription factor NF-kB-mediated gene expression through toll-like receptor (TLR) 4 [31] , whereas soluble peptidoglycan and lipoteichoic acid (the main stimulatory components of gram-positive bacteria) activate NF-kB through a TLR2-dependent pathway [32] . Because signaling pathways for cytokine production differ between LPS and S. pneumoniae, these differences may account for the varying effects of acute alcohol intoxication on the TNF-a response.
Acute alcohol intoxication also delayed neutrophil influx into the alveolar compartment after S. pneumoniae infection. However, this delay in neutrophil influx was not associated with decreased neutrophil numbers late during infection. In fact, neutrophil numbers were higher in alcohol-intoxicated animals than in controls 40 h after infection. Although chemokine production was persistently suppressed by alcohol, free chemokine concentrations were elevated in the alcohol-intoxicated group at 6 h, compared with controls, just before neutrophil recruitment into the lung. These data suggest that elevated chemokine concentrations in the alcohol-intoxicated group later during infection may contribute to the enhanced late recruitment of neutrophils into the alveolar compartment of the intoxicated host. Other chemoattractant molecules may also contribute to neutrophil entry into the lungs of the alcohol-treated group (e.g., C5a and leukotriene B4). In addition to chemoattractant differences, there were more bacteria in the intoxicated group than in controls at and after 18 h. The persistence of high numbers of bacteria may also contribute to neutrophil influx into the lungs of the alcohol-intoxicated group.
Overall, these data show that acute alcohol intoxication suppresses lung chemokine production after infection with S. pneumoniae and that recruited neutrophils may regulate the inflammatory response via modulation of chemokine levels. In the normal nonintoxicated animal, chemokine concentrations increase early during infection, to attract neutrophils to the infection site. However, once neutrophils have migrated to the site, chemokine concentrations are decreased. Because neutrophils bind chemokines after entry into an inflammatory site, decreasing chemokine concentrations at the site [18] , early entry of neutrophils into the lungs of unintoxicated animals after pneumococcal challenge likely contributes to the lower chemokine concentrations measured in our model. As a result, neutrophils may function to limit the inflammatory response. In contrast, neutrophil recruitment is delayed in the alcoholintoxicated host, which may result in decreased chemokine binding to neutrophils and elevated chemokine concentrations later during infection.
In our model of acute alcohol intoxication, chemokine suppression by alcohol was associated with impaired neutrophil migration and increased severity of infection. However, other mechanisms may also be involved in the impaired host defense response of the acutely intoxicated host to infection. Acute alcohol intoxication impairs neutrophil hydrogen peroxide gen-eration and phagocytosis [23, 33] , and these alcohol-induced effects may contribute to the impaired bacterial clearance seen in our model. Because our model is limited to the effects of acute alcohol intoxication on immune function, alternate mechanisms may be involved in the impaired host defense response to S. pneumoniae in the setting of chronic alcohol ingestion. Chronic ethanol ingestion for 7 days does not suppress neutrophil recruitment but does impair a variety of neutrophil functions in response to S. pneumoniae, including chemotaxis, oxygen-radical production, lysozyme release, and bacterial killing [20, 24, 25] . Thus, it is possible that the increased bacterial burden seen in our study reflects functional impairments of neutrophil function once recruited into the lung.
Many steps are involved in the activation and migration of neutrophils into the alveolar compartment during intrapulmonary infection. Many studies have specifically focused on the direct effects of alcohol on PMNL function. However, neutrophils do not migrate in a directed fashion in the absence of a chemotactic gradient. Thus, the defect in neutrophil migration associated with alcohol intoxication may not be due solely to a defect in neutrophil function. Instead, the effects of alcohol intoxication on chemokine production by cells located within the alveolar compartment may be extremely important. Alcohol intoxication suppresses chemokine production, resulting in decreased chemotactic gradients directing neutrophils from the intravascular compartment to the infection site. As a result, neutrophil migration and subsequent phagocytosis and killing are delayed, causing impaired host defense, increased severity of infection, and increased mortality.
